Introduction
============

Acute kidney injury (AKI), an abrupt loss of kidney function, is a systemic inflammatory response syndrome commonly occurring in critical patients. Its prevalence is 3-5% in patients with general hospital and can be as high as 30-50% in patient\'s intensive care unit [@B1]. Sepsis-induced AKI frequently occurs in the elderlies and is associated with poor clinical outcomes and high mortality [@B2]-[@B4]. However, as of to date, no effective treatment has been available for this devastating disease [@B5], [@B6]. While there are multiple clinical causes, the pathogenesis of AKI is primarily attributed to renal tubular sepsis damage [@B7]. Lipopolysaccharide (LPS), a bacterial endotoxin consisting of a lipid and a polysaccharide with O-antigen, elicits strong immune and inflammatory responses in animals. LPS challenge has been one of animal models commonly used to elucidate the mechanisms underlying sepsis-induced AKI and its potential treatment [@B8].

Autophagy is an intracellular degradation system by which the damaged proteins and dysfunctional organelles are delivered to autophagosomes and proteolytically processed there [@B9]. During autophagy, microtubule-associated protein 1A/1B-light chain 3 (LC3) was initially modified by the lipidation. These lipidated LC3 molecules, known as LC3-II, are the key components constitutively present in the membrane of autophagosome. Inhibition of autophagy leads to a reduced level of LC3-II isoforms. Autophagy has also been increasingly implicated to play an essential role in the regulating both pro- and anti-inflammatory responses [@B10]. While autophagy has been regarded as a survival mechanism, abnormal (e.g. excessive) autophagy may result in cell death [@B11].

Autophagy has been implicated in the pathogenesis of a variety of diseases including heart failure, cancer, neurodegenerative diseases, and other diseases [@B12]. In kidneys, autophagy has been suggested to play an essential role in maintaining homeostasis and physiological functions [@B13]. However, its precise roles in the pathogenesis of AKI still need to be clearly defined, although several studies have suggested that autophagy may play a renoprotective role in AKI [@B14]-[@B17] and a role in regulation of tubular cell death [@B18]-[@B21]. This study aimed to define the roles of the autophagy in responding to the adverse effects induced by LPS. We compared the severity of kidney injury in normal mice, mice exposed to LPS and mice pretreated with 3-methyladenine (3-MA), an autophagy inhibitor [@B22], followed by LPS-challenge. By investigating the differences in the severity of kidney injury among these groups of mice, we should be able to clarify whether autophagy is an adaptive/protective or a pathogenic mechanism for AKI.

Materials and Methods
=====================

Animals
-------

Wild-type C57BL/6J male mice (10-14 weeks old) were purchased from the Experimental Animal Centre of Xuzhou Medical College (Xuzhou, Jiangsu, China). Mice were handled under a protocol approved by the Animal Care and Use Committee of the Xuzhou Medical College (Approval ID: SCXK-Su 2010-0003). These mice were maintained under specific pathogen-free (SPF) conditions, and provided with a 12-h/12-h light/dark cycle and free access to both food and water. The temperature and relative humidity within the animal room were maintained at 22-25°C and 40-60%, respectively, for 1 week before being used for the experiments.

Experimental protocols
----------------------

A total of 32 male mice were randomly divided into four groups with 8 mice per group. The mice were administrated with LPS (Cell Signaling, Beverly, MA, USA) at 10 mg/kg body weight (BW) to induced endotoxemia as described [@B23]. Briefly, the mice in the first group were given an intraperitoneal (I.P.) injection with 0.9 % normal physiological saline (NPS) and used as the controls (designated as CON)(n=8); The mice in the second group were administrated with a single I.P. injection of 3-MA (Cell Signaling) at 15 mg/kg (in 0.1 mL of 0.9 % NPS) (n=8)(designated as 3-MA). The mice in the third group were administrated with a single I.P. injection of LPS (10 mg/kg in 0.1 mL of 0.9% NPS)(n=8)(designated as LPS); and the mice in the fourth group were pretreated intraperitoneally with 3-MA at 15 mg/kg (in 0.1 mL of 0.9 % NPS)(n=8) for 1 h, followed by a challenge with LPS (10 mg/kg in 0.1 mL of 0.9 % NPS n=8)(designated as LPS+3MA) as described [@B24]. At 24 after IP-injection, the physical activities of some mice were decreased slightly but no mice showed the weight loss, poor body, and abnormal skin during the treatment. After 24 hours, a ketamine/xylazine mixture (75 mg/kg) was intraperitoneally injected into each mouse of all the groups to anesthetize them. All the animal experiments were carried out at body temperature (37 and 38℃), which was maintained with a heating lamp. Blood samples were collected and the serum creatinine levels and plasma urea levels were examined. Thereafter, all the mice were euthanized and the injury to their kidney tissue was assessed by both histological and biochemical analyses.

Biochemical Examination
-----------------------

The levels of the serum creatinine and plasma urea were measured using an Olympus AU2700 automatic biochemistry apparatus (Olympus America Inc., Melville, NY, USA).

Western Blotting Analysis
-------------------------

The total protein was extracted from kidney tissues as described [@B25]. Total protein (100 μg/well) was firstly separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and then immunobloted to the nitrocellulose membranes according to the instructions given by the manufacturer (Bio-Rad, Hercules, CA, USA). The nitrocellulose membranes were blocked with 5% non-fat dry milk in TBST buffer (10 mmol/l Tris-HCl, 0.15 mol/l NaCl and 0.05% Tween 20, pH 7.2) for 1 h and then incubated with antibodies against LC3 (Sigma), Beclin-1 (Abcam, Cambridge, UK); phosphorylated p65 (Abcam), p52(Cell Signaling), and IL-1β (Santa Cruz Biotechnology), respectively, at 4^o^C overnight, washed and then incubated with the corresponding goat anti-rabbit or anti-mouse IgG conjugated to horseradish peroxidase (Santa Cruz Biotechnology) in 1:3,000-5,000 (in PBST) for 60 min. Protein bands were developed and detected using the ECL Super Signal reagent (Pierce, Rockford, IL, USA). Relative band densities of the indicated target proteins were measured from scanned films using NIH ImageJ Software.

Immunohistochemical Staining
----------------------------

After being fixed with 10% neutral buffered formalin for 24 h, the renal tissues were embedded in paraffin and sectioned at 4 um according to the standard procedure. The sections were deparaffinized, hydrated gradually, and stained immunohistochemically as described previously [@B25]. The procedures included microwave antigen retrieval (in citrate buffer, 0.01 mol/l, pH 6.0). Endogenous peroxidase was blocked with 3% H~2~O~2~ for 15 min. The sections were firstly blocked with 4% goat serum to minimize the non-specific staining and then stained with affinity-purified polyclonal rabbit anti-LC3 antibody (Sigma, St. Louise, MO, USA) diluted into 1:100 in PBST (PBS, pH 7.4, 0.05% Tween 20). The sections were incubated at 4^o^C overnight. The bound primary antibody was detected by horseradish peroxidase conjugated anti-rabbit secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and developed with 3,3-diaminobenzidine tetrahydrochloride. Finally, the expression levels of the immunochemically stained LC3 protein were analyzed and evaluated by the average optical density (AOD) and integral optical density (IOD) of staining in 200X magnification under microscopic examination[@B25] (Olympus, Tokyo, Japan).

Visualization of Renal Tissues with Transmission Electron Microscopy (TEM)
--------------------------------------------------------------------------

After being excised, the kidney tissues were fixed with a fixative buffer (2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M of phosphate-buffered solution) and stored at 4°C before being embedded. Tissue samples were then postfixed in 1% phosphate-buffered osmium tetroxide and embedded in Spurr\'s resin. Ultrathin sections (0.1 μm) were made, stained consecutively with 1% uranyl acetate and 0.2% lead citrate, and visualized with TEM (JEM-1220). Using Adobe Photoshop CS3 Extended software, the total autophagosomal areas,and the percentage of the autophagosome-occupied cells were measured, calculated and expressed as autophagosome area ratio (%) as described previously [@B24].

Immunoprecipitation
-------------------

Immunoprecipitation analysis was performed as described previously [@B24] as follows: approximately 300 μg of kidney tissue protein at 4°C was immuno-precipitated with 1 μl of rabbit anti-IκB antibody (Cell Signaling) at 4°C for 90 min, followed by adding Protein G Plus-Agarose (Santa Cruz Biotechnology)., The mixture was incubated overnight and centrifuged. The supernatants were discarded. The pelleted immunocomplexes were denatured by heating at 99°C for 5 min, loaded into the well, separated on 13% SDS-PAGE and analyzed by Western blotting with both anti-polyubiquitin (FK1, EnzoLife Sciences, Farmingdale, NY, USA), and anti-p65 (Abcam) antibodies, respectively.

Statistical Analysis
--------------------

The differences between control and the experimental groups were determined by using One-way ANOVA and Student\'s Newman-Keuls test for post-hoc comparisons. Student\'s t-test was conducted for paired samples. The differences in the changes of the parameter examined over time between different groups were evaluated by a two-way ANOVA with repeated measures. Data were expressed as mean ± SEM, and the differences between group means with *P* \< 0.05 were considered statistically significant.

Results
=======

Activation of autophagy induced by LPS stimulation
--------------------------------------------------

To elucidate the mechanism by which autophagy plays the roles in the mechanism of AKI, we first determined whether LPS can cause activation of autophagy in the kidney. Microtubule-associated protein 1 light chain 3 (LC3) is a 16 kDa soluble protein present ubiquitously in mammalian cells and plays a critical role in the macroautophagic formation. It has been used a common marker for autophagy [@B26]. When autophagy is induced, the newly synthesized LC3 precursor is firstly cleaved by Atg4B, a human cysteine protease, to generate LC3-I in cytosol, which is then converted to the membrane-bound LC3-II by adding phosphatidylethanolamine (PE) to glycine residue 120 at its C-terminal. LC3-II is firmly bound to the membrane of autophagosome and is, thus, regarded as a specific marker for autophagy [@B26]. Fig. [1](#F1){ref-type="fig"}A showed that challenge of male mice with LPS at the doses of 0.1, 1.0 and 10 mg/kg for 24 h induced a dose-dependent, gradual increase in the accumulation of LC3-II as compared to that of the control group (0 mg/kg) and a markedly increased accumulation level of LC3-II was induced at 10 mg/kg compared with those at 0.1 and 1 mg/kg. The male mice were then challenged with LPS at 10 mg/kg for 0, 6, 12 and 24 h, respectively. We also observed that the levels of LC3-II in the kidney were significantly increased within 6h following LPS stimulation and reached to the remarkably high levels within 24 h (Fig. [1](#F1){ref-type="fig"}B). Fig. [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B also showed that the increased accumulation of LC3-I were followed by the subsequently increased accumulation of the LC3-II in both dose- and time-dependent manners, indicating the increased conversion of LC3-1 into LC3-II induced by LPS stimulation. These results clearly indicate that challenge of mice with LPS markedly induces LC3I expression and its subsequent cleavage into LC3II in a dose- and time-dependent manner and induces activation of autophagy in the mouse kidney.

Induction of Autophagy mainly occurred in renal cortex during LPS-induced AKI in mice
-------------------------------------------------------------------------------------

According to the unique structural and functional features of kidney, renal cortex plays roles in filtrating blood and forming crude urine, thus, a large number of renal cortexes are present in the glomerulus while kidney medulla plays an important role in re-absorption and concentration of urine and thus, a large number of distal renal tubules are present in kidney medulla but there are no glomerulus there. We applied immunohistochemical staining method to detect the LPS-induced expression of LC3-II in kidney tissue. We visualized and analyzed the expression levels of LC3-II in renal cortex and medulla, respectively. As shown in Fig. [2](#F2){ref-type="fig"}A, after being stimulated with LPS, the immunohistochemical staining intensity for LC3-II in renal cortex was significantly enhanced as compared to that of LC3-II in renal cortex of the normal mice (Fig. [2](#F2){ref-type="fig"}A, panel cortex-LPS versus panels Cortex-Con); Morphologically, the formation of autophagosomes in kidneys was visualized by immunohistochemical staining of LC3-II. In kidney tissues of the controlled mice, LC3-II was diffusely distributed throughout the cells without punctate staining. Upon LPS stimulation for 24 h, intensive, punctate and increased LC3-II staining appeared mainly in renal cortex, indicating the formation of autophagosomes there. The immunohistochemical staining intensity of LC3-II in renal medulla was not obviously increased (Fig. [2](#F2){ref-type="fig"}A, panel Medulla-LPS versus panel Medulla-Con). Quantitative analysis of the immunohistochemical staining image intensity also showed the significant increase in LC3-II staining in renal cortex of mice after being stimulated with LPS. We found that the immunohistochemical staining intensity of LC3-II was higher in renal cortex than in renal medulla (Fig. [2](#F2){ref-type="fig"}B). These lines of compelling evidence clearly demonstrate that the occurrence of autophagy is induced in kidney renal cortex during LPS-induced AKI.

Inhibition of autophagy by 3-MA dramatically attenuated LPS-induced AKI in mice
-------------------------------------------------------------------------------

Since the precise roles of autophagy in the pathogenesis of AKI still remain controversial, we next determined whether or not autophagy actually plays an essential role in the pathogenesis of AKI. We initially tested the effects of 3-methyladenine (3-MA), a pharmacological inhibitor of autophagy, on LPS-induced AKI in mice. It has been demonstrated that 3-MA is capable of blocking the formation of autophagosome, leading to inhibition of autophagic activation [@B27]. Thus, we addressed whether 3-MA inhibited the LPS-induced autophagic activation by examining whether 3-MA could inhibit LPS-induced expression of Beclin-1, another commonly used biomarker for autophagy [@B28]. As shown in Fig. [3](#F3){ref-type="fig"}A, 3-MA itself did not cause effects on the expression level of Beclin-1 as compared to that of the control group. Significantly higher level of Beclin-1 was seen in LPS-stimulated group (*P*\<0.05) and 3-MA almost completely blocked the LPS-induced accumulation of Beclin-1 (*P*\<0.05). Similarly, significantly higher levels of LC3-II were induced by LPS-stimulation (*P*\<0.05) and 3-MA almost completely blocked the LPS-induced accumulation of LC3-II (*P*\<0.05)(Fig. [3](#F3){ref-type="fig"}B). Consistent with the Western blot results, quantitative analysis of immunohitochemical staining of LC3-II revealed that integrated optical density (IOD) of LC3II staining was significantly weaker in the 3-MA-pretreated mice than in the mice induced only by LPS whereas bare LC3 dot was observed either in the control or in the LPS+3-MA group mice (Fig. [3](#F3){ref-type="fig"}C).

Inhibition of autophagy by 3-MA dramatically reduced the severity of LPS-induced AKI
------------------------------------------------------------------------------------

We then examined the severity of LPS-induced AKI in the absence or presence of 3-MA. The ratio of blood urea nitrogen to blood creatinine was regarded as a prognostic indicator of mortality [@B29]. Stimulation of mice with LPS at 10 mg/kg caused the significantly increased levels of plasma urea (Fig. [4](#F4){ref-type="fig"}A) and serum creatinine (Fig. [4](#F4){ref-type="fig"}B), indicating a more severe AKI induced by LPS. However, the levels of plasma urea and serum creatinine were not affected by 3-MA alone as compared to those of the control group. Mice pretreated with 3-MA for 1h, followed by LPS stimulation, displayed significantly lower levels of plasma urea (Fig. [4](#F4){ref-type="fig"}A) and serum creatinine (Fig. [4](#F4){ref-type="fig"}B). Consistent with these biochemical indexes for autophagy, visualization of renal tissues with TEM clearly revealed that treatment of mice with 3-MA alone did not increase the autophagosome area ratio (%) as compared to that of the control group whereas stimulation of mice with LPS caused a significant increase in the autophagosome area ratio but pretreatment of mice with 3-MA almost completely inhibited LPS-induced increase in autophagosome area ratio (Fig. [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D)(*P*\<0.05). Visualization with TEM revealed a number of pathological changes that had occurred within the renal cortex cells of mice challenged with LPS, i.e. their mitochondria became shrunk and fractured, and their mitochondrial cristae were defective and loss. The number of organelles was reduced and a large number of empty vacuoles and residue bodies appeared. These pathological changes were significantly ameliorated when the LPS-induced autophagy was inhibited by 3-MA (Fig. [4](#F4){ref-type="fig"}C). Collectively, these results strongly demonstrate that selective inhibition of autophagic activation by pharmacological inhibitor has a protective effect against AKI in this experimental model, suggesting that the pharmacological agents, such as 3-MA, that can modulate autophagy, might be valuable for treatment of AKI.

Impairment of autophagy resulted in defective NF-κB activation and accumulation of ubiquitinated IκB
----------------------------------------------------------------------------------------------------

As it has been documented that various inflammatory cascades are involved in the development of kidney dysfunctions [@B30] and that LPS can trigger AKI via inflammatory injury [@B31], we investigated the roles of inflammatory cascades in LPS-induced AKI. Firstly, we measured the expression of interleukin-1β (IL-1β) gene, one of the primary pro-inflammatory mediators. LPS significantly increased the expression level of IL-1 gene (Fig. [5](#F5){ref-type="fig"}A). Since IL-1β can activate the nuclear factor NF-κB pathway to amplify the inflammatory response, we further examined the effects of LPS on stimulation of NF-κB pathway, a key prototypical proinflammatory signaling pathway [@B32]. NF-κB pathway has been subdivided into classic (canonical) and alternative (non-canonical) NF-κB pathway [@B32]. The canonical NF-κB pathway is mainly responsible for responding to TNFα and IL-1 signaling, which plays an important role in the pathogenesis of chronic inflammatory diseases. NF-κB is primarily activated via IκB kinase-mediated phosphorylation by inhibitory molecules, including IκBa. Phosphorylation of proteins involved in NF-κB pathway, including p65, is also required for optimal induction of NF-κB target genes [@B33]. On the other hand, the alternative (non-canonical) NF-κB pathway is involved in the inducible phosphorylation of p100 by IKKα, which, in turn, activates RelB/p52 heterodimers [@B32]. Thus, we examined the effects of LPS-stimulation on both p65 phosphorylation and p52 phosphorylation to determine whether canonical pathway or non-canonical pathway or both are involved in LPS-induced AKI. LPS caused p65 phosphorylation (Fig. [5](#F5){ref-type="fig"}B), resulting in the activation of the canonical NF-κB pathway. However, mice pretreated with 3-MA followed by LPS stimulation displayed a significant decrease in IL-1 gene expression (Fig. [5](#F5){ref-type="fig"}A) and p65 phosphorylation (Fig. [5](#F5){ref-type="fig"}B) as compared to those in mice stimulated with LPS alone. However, no significant differences in p52 phosphorylation were seen between these groups of mice, as measured by Western blot using the p52 antibody (Fig. [5](#F5){ref-type="fig"}C), suggesting that the canonical NF-κB pathway but not the non-canonical route of NF-κB pathway is involved in 3-AM inhibition of LPS-induced autophagy.

Ubiquitination/processing of IκB has been known to be an essential step for NF-κB activation [@B32], [@B33]. As shown above, mice pretreated with 3-MA displayed the increased levels of an ubiquitinated protein, LC3-II, we then analyzed the accumulation of IκB. A significant increase in total IκB levels was seen in kidney of mice pretreated with 3MA followed by LPS challenge (Fig. [6](#F6){ref-type="fig"}A). We also measured ubiquitination of IκB after co-immunoprecipitation with either antibody for p65 or with the anti-polyubiquitylated conjugates mAb FK1. There was an increase in ubiquitinated IκB in 3-MA pretreated animals challenged by LPS (Fig. [6](#F6){ref-type="fig"}B). Moreover, p65 levels were increased in co-immunoprecipitation, as evident by the co-immunoprecipitation with antibody for p65 (Fig. [6](#F6){ref-type="fig"}B) and with FK1 (Fig. [6](#F6){ref-type="fig"}C), demonstrating the binding of this protein to IκB. These results show that inhibition of autophagy leads to the accumulation of ubiquitinated IκB that is bound to p65, preventing the activation of the canonical NF-κB pathway.

Discussion
==========

As a major kidney disease frequently occurring in elderly patients, AKI is associated with poor clinical outcomes and high mortality. Currently, no treatment effective for AKI is available. Several studies have reported that autophagy is induced in renal tubular cells during AKI where it may play certain roles in protection against kidney injury [@B14], [@B34]-[@B36]. However, the precise mechanisms underlying its protective effects against AKI need to be determined. Elucidation of the precise mechanisms underlying its protective effects against AKI will be valuable for development of treatment effective for AKI. In this study, we addressed this key issue and made some important observations.

Our finding that autophagy is induced in renal cortex during LPS-induced AKI in mice. This finding is consistent with the previous observations that autophagy was induced in proximal tubules during renal ischemia-reperfusion (I/R) in mice [@B14] and cisplatin-induced AKI in C57BL/6 mice [@B34], [@B36].

While multiple factors are involved in its pathogenesis, the pathogenesis of ARI is mainly related to renal tubular injury and cell death there [@B34]. The renal cortex, which includes both renal tubules and renal corpuscles, is the outer portion of the kidney where ultrafiltration takes place. The proximal tubule is the portion of the duct system of the nephron in the kidney. The severity of kidney injury and the associated pathophysiological changes are related to the nature and the frequency of the insults [@B37]. For instance, it was reported that the cisplatin-induced AKI was associated with the pathophysiological changes including proximal tubular injury, inflammation, activation of multiple proinflammatory cytokines, infiltration of inflammatory cells and apoptosis in the kidney [@B38]. Jian et al. observed that in mice whose Atg7 gene, which encodes an E1-like activating enzyme involved in autophagy, was specifically knocked out, the proximal tubular cells isolated from their kidney tissues were more sensitive to renal I/R-induced injury and cisplatin-induced apoptosis as compared to those in kidney tissues isolated from the wild-type mice [@B14]. Similarly, Kimura et al. reported that elimination of autophagy in the proximal tubule by specifically knocking out Atg5 gene, which encodes an E3 ubiquitin ligase essential for autophagy, caused substantial accumulation of deformed mitochondria, cytoplasmic inclusions, cellular hypertrophy and degeneration [@B39]. In agreement with this observation, we observed that within the renal cortex cells of mice challenged with LPS, their mitochondria became shrunk and fractured, and the mitochondrial cristae were defective and loss, indicating that in addition to autophagy, mitophagy is also induced in proximal tubule by LPS-induced AKI. Together, these observations clearly demonstrate that both autophagy and mitophagy are activated in proximal tubule and may play a role in protecting proximal tubule from degeneration and I/R-induced- and LPS-induced kidney injury.

In this study, we found that challenge of mice with LPS substantially induced the expression of IL-1β, and that this LPS-induced IL-1β expression was significantly inhibited by 3-MA. Consistent with this observation, it has been reported that tumor necrosis factor-α (TNF-α), another pro-inflammatory cytokine which acts directly on TNF receptor-1 in kidney, plays a key role in LPS-induced acute renal failure (ARF)[@B40]. These results support the notion that autophagy is involved in modulation of LPS-induced inflammatory responses. In fact, AKI is a systemic inflammatory response syndrome. Increasing evidence indicates that autophagy can plays multiple roles in modulating the inflammatory responses. Autophagy is involved in the negative regulation of p62, a signaling adaptor implicated in the activation of NF-κB [@B41]. Autophagy has also been demonstrated to play an anti-inflammatory role [@B42], [@B43]. For instance, Nakahira et al. [@B42] reported that in mice whose LC3-II and Beclin-1 were knocked out, dysfunctional mitochondria and cytosolic translocation of mitochondrial DNA were substantially accumulated, which led to the activation of caspase-1 and secretion of IL-1β and IL-18. LC3-II-knocked out mice exhibited higher susceptibility to LPS-induced mortality. These observations suggest that autophagic proteins are involved in inhibition of inflammation by preserving mitochondrial integrity. This is in agreement with our observation that the mitochondria in renal cortex cells of LPS-challenged mice became shrunk and fractured, and their mitochondrial cristae were defective and loss and that these LPS-induced alterations in mitochondrial morphology and structure was ameliorated by inhibition of autophagy with 3-MA. Saitoh et al [@B43] demonstrated that autophagy-related 16-like 1 (Atg16L1), an essential component of the autophagic system, was involved in regulation of LPS-induced activation of inflammasome in mice. The levels of both IL-1β and IL-18 in macrophages of Atg16L1-deficient mice were increased. Challenge of Atg16L1-knocked out mice with LPS caused caspase-1 activation and the increased IL-1β expression in their macrophages. Thus, these studies suggest that autophagy may be a beneficial mechanism that removes damaged organelles. However, on the other hand, other studies have shown that when the autophagy was blocked, the decreased inflammatory responses might be mediated through different mechanisms. Among which, the most notable one is the proteolytic processing of IκB, which is required for the activation of NF-κB and can occur in both the proteasome and the autophagosomes [@B44], [@B45]. The proteolytic pathway is blocked when autophagy is targeted. It was reported that targeting the essential molecules of the autophagic pathway inhibited the cellular response to TNF-α [@B46]. Thus, we hypothesized that the amplification of LPS-triggered inflammatory responses can be limited through inhibiting autophagy. The accumulation of ubiquitinated IκB observed in our study may be explained by the crosstalk between autophagy and the ubiquitin-proteasome pathway although whether these results are caused by inhibition of autophagy itself or by the impaired proteosomal delivery or by both can\'t distinguished at the present study.

As an inhibitor, 3-MA has been used to inhibit the formation of autophagosome [@B23]. Autophagy plays an essential role in maintaining the quality of cellular constituents by continuously recycling the damaged protein and/or the entire organelles to lysosome for degradation and processing [@B47]. Jiang et al. reported that blockage of autophagic flux with chloroquine, another inhibitor of autophagy, enhanced AKI whereas autophagic activation with Rapamycin, an inhibitor of mTOR that promotes autophagy, protected against cisplatin-induced and I/R-induced AKI in mouse models [@B14]. Induction of autophagy may be helpful to preserve homeostasis in response to stresses. Enhanced mitophagy, which is responsible for clearance of the damaged mitochondria, may also contribute to the improvement of cell viability [@B48]. In addition to autophagy and mitophagy, pexophagy may also be also involved in AKI. However, until to date, no study has been done on the role of pexophagy in LPS-induced renal injury and very few studies have defined the roles of peroxisomes and pexophagy in organ damage. Thus, the precise and complete mechanisms underlying the connections between inflammatory and autophagy networks are still far from being understood [@B49], [@B50]. Furthermore, it is also possible that the NF-κB activation itself is a trigger of autophagy as described in cell survival after heat shock in the *in vitro* experimental models [@B51].

Our results indicated that AKI induced by LPS-challenge was potently inhibited by 3-MA, suggesting that pharmacological modulation of autophagy during this kidney injury could be beneficial for treating AKI. This notion is also supported by several previous studies. For instance, Kakahashi et al. [@B52] reported that LPS-induced systemic inflammatory response syndrome (SIRS) was ameliorated by fidarestat, an aldose reductase inhibitor, resulting in the lowered mortality. Similarly, the autophagy-diminished older adult mice with LPS-induced AKI were unable to recover their renal function. Administration of temsirolimus, the mTOR inhibitor, induced autophagy and protected against AKI even after endotoxemia was established [@B53]. Xu et al. [@B54] reported that Leonuring (LEO), a major bioactive component from Herbal Leonuri, protected against LPS-induced AKI, improved animal survival by maintaining the redox balance and that these beneficial effects were attributed to its down-regulation of the expression of a number of proinflammatory cytokines and inhibition of both IκBα phosphorylation and p65 translocalization. Zhang et al. [@B55] reported that LPS-induced AKI was ameliorated by paclitaxel, a microtubule-stabilizing agent with anticancer activity, through its binding to myeloid differentiation protein-2 (MD-2), leading to blockage of the activation of NF-κB and cytokine production. Sun et al. [@B11] reported that in a model of acute lung injury caused by H5N1 virus, inhibition of autophagy improved outcome by reducing cell death. Non-injurious ventilation also caused autophagy-mediated effects, including diaphragm atrophy [@B56] which could be beneficial from inhibiting this pathway. However, like with any other treatments, caution must be taken with this approach. Since autophagy is an adaptive mechanism responsible for enhancing cell survival, any inappropriate interference may cause detrimental effects. An increased susceptibility to hypoxia-induced pulmonary hypertension has been associated with the lack of LC3 [@B57]. Furthermore, absence of autophagy could be favorable for the cytoplasmic accumulation of aggregates of the damaged proteins and/or deformed mitochondria [@B58], resulting in tissue dysfunction. Finally, the proinflammatory effects of targeting autophagy in sepsis [@B44] could also cause the adverse effects as well. While the clinical relevance and significance of modulation of autophagy in patients with kidney injury remain to be fully elucidated, the contribution of autophagy to inhibition of AKI and the potential benefits of its inhibition can be a promising therapeutic method that deserves attention and development.

It has been demonstrated that the impairment of autophagy result in less severity of injury, which is attributed to the inhibition of the activation of NF-κB pathway [@B45]. It is likely that the accumulation of ubiquitinated proteins, including IκB, could be associated with the inhibition of autophagy to the decreased NF-κB activation [@B45]. We found that autophagy in kidney is mediated mainly via the classic NF-κB pathway but not via the non-classic alternative NF-κB pathway. Ubiquitination and subsequent processing of the ubiquitinated IκB is the essential step during the activation of NF-κB pathway as the increased accumulation levels of ubiquitinated proteins were seen as IκB-knockout mice [@B59]. Chen et al. (60) monitored the changes of IkkB during acute I/R-induced injury and ischemic preconditioning (IPC), a short period of sub-lethal ischemia preceding ischemic myocardium which protects ischemic myocardium. They found that renal I/R-induced injury could be attenuated by IPC through inhibiting IkkB activation and inflammatory responses**.**

Our results have clearly shown that impairment and/or inhibition of autophagy can lead to the increased accumulation of ubiquitinated IκB that is bound to p65 and blockage of the NF-κB pathway, which can ameliorate LPS-induced AKI. These results indicate that impairment/inhibition of autophagy with 3-MA ameliorated LPS-induced AKI by preventing the activation of the classic canonical NF-κB pathway

Conclusions
===========

In summary, our results have shown that autophagy is induced in renal cortex during LPS-induced AKI and that inhibition of autophagy decreases kidney injury after LPS stimulation by preventing the activation of canonical NF-κB pathway. The inhibition of IκB degradation could be one of the mechanisms responsible for this effect. This study opens the possibility to prevent LPS-induced AKI by the inhibition of the autophagic responses.
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![**Analysis of the expression of microtubule-associated protein LC3-II in kidney homogenate by Western blot.**A. The expression levels of LC3-II proteins in kidney homogenates of male mice intraperitoneally injected (I.P.) with lipopolysaccharide (LPS) at the indicated doses (n=6 for each dose). The assay was repeated three times. Left panel, the representative Western blots for LC3-II; Right panel, quantification of LC3-II by densitometry (n=3); \**P*\<0.05 vs 0 mg/kgLPS group; B. The expression levels of LC3-II proteins in kidney homogenates of male mice intraperitoneally injected with lipopolysaccharide (LPS) at 10 mg/kg for the indicated time points (n=6, for each time points). Left panel, the representative Western blots for LC3II; Right panel, protein quantification of LC3-II by densitometry (n=3); \**P*\<0.05 vs. LPS stimulation at 0 h.](ijmsv12p0655g001){#F1}

![**Detection of LC3-II expressions for the occurrence of LPS-induced autophagy in renal cortex and medulla via immunohistochemical staining.**A. Immuohistochemical staining of LC3-II in renal cortex and medulla of mice intraperitoneally injected without (upper panels) and with (lower panels) lipopolysaccharide (LPS) for 24 h: compared to those in the cortex (cortex-con) and medulla (medulla-con) of the controlled mice, the immunohistochemical staining intensity of LC3-II was significantly increased in cortex (cortex-LPS) but only slight increase in medulla (medulla-LPS) of the LPS-stimulated mice. B. Analysis of the average optical intensity (AOD) and integral optical density (IOD) of the immunohistochemical staining intensity of LC3-II in cortex and medulla of mice stimulated without or with LPS. The immunohistochemical staining intensity of LC3-II in renal cortex was significantly increased in LPS-stimulated mice (Cortex-LPS), \**P*\<0.05 vs. Cortex-CON (n=8); while the immunohistochemical staining intensity of LC3-II in renal cortex of LPS-stimulated mice was also significantly higher than in renal medulla (Medulla-LPS), \# *P*\<0.05 vs. Medulla-LPS (n=8).](ijmsv12p0655g002){#F2}

![**Inhibition of autophagy by 3-MA dramatically attenuated LPS-induced AKI in mice.**The mice were pretreated i.p. without or with 3-MA (15 mg/kg in 0.1 mL of 0.9 % normal saline)(n=8) for 1h, followed by exposure to LPS (10 mg/kg in 0.1 mL of 0.9 % normal saline)(n=8) for 24h. The homogenates of one side of kidney were used to examined the expression levels of Beclin-1(A) and LC3-II (B). The other side of kidney was used for immunohistochemical staining for LC3-II to examine its expression in renal cortex (C). A. Left panel, representative Western blots for Beclin-1; Right panel, quantification of Beclin-1 protein by densitometry (n=3); B. Left panel, the representative Western blots for LC3-II; Right panel, quantification of LC3-II protein by densitometry (n=3); C. left panel, immunohistochemical staining for LC3-II protein in renal cortex; right panel, quantitative analysis of the optical intensity of the immunohistochemical staining image of LC3-II protein. \**P*\<0.05 vs. CON; \# *P*\<0.05 vs. LPS.](ijmsv12p0655g003){#F3}

![**Pharmacological inhibition of autophagy improved kidney injury.**The mice were pretreated i.p. without or with or 3-MA at 15 mg/kg (in 0.1 mL of 0.9 % normal saline)(n=8) for 1h, followed by exposure to LPS (10 mg/kg in 0.1 mL of 0.9 % normal saline, n=8) for 24h. Blood samples were collected from mice in these groups. The levels of the serum creatinine and plasma urea were measured. A. Levels of plasma urea; B. Levels of serum creatinine; C. TEM visualization of the injury in renal cortex of mice, the red arrows point to autophygosomes; D. Quantitative analysis of the number per area of autophygosomes; \**P*\<0.05 vs. CON; \#*P*\<0.05 vs. LPS.](ijmsv12p0655g004){#F4}

![**Autophagy activated NF-κB pathway.**A. Measurement of the expression level of IL-1β gene To characterize which the intracellular proinflammatory pathways are involved in LPS-induced autophagy, both canonical and non-canonical routes of NF-κB were studied with Western blot. B. LPS stimulated the classic canonical route via phosphorylation of p65; **C**. but did not cause any effects non-canonical route as indicated by without changes in p52 phosphorylation : \* *P*\<0.05 vs. CON; \#*P*\<0.05 vs. LPS.](ijmsv12p0655g005){#F5}

![**Accumulation of ubiquitylated IκB.**A. The total IκB levels were measured in kidney tissue homogenates of mice in four groups. Mice pretreated with 3MA (15 mg/kg) followed by challenge with by LPS (10 mg/kg) displayed significantly increased levels of IκB. After being co-immunoprecipitated with either antibody for p65 or with FK1, the LPS+3MA-treated mice displayed significantly higher levels of p65 **(B)** and FK1(C), demonstrating the binding of both ubiquitin and p65 to IκB in treated animals. \**P*\<0.05 vs. CON; \#*P*\<0.05 vs. LPS.](ijmsv12p0655g006){#F6}
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